I
schemic tissue disease remains one of the foremost causes of morbidity and mortality worldwide (1) . There is tremendous need for new therapeutic approaches that regenerate ischemic tissue. One target is to enhance microvasculature perfusion in ischemic tissue by delivering proangiogenic signals, termed therapeutic angiogenesis. The mechanisms of angiogenesis have been extensively studied and its regulation involves complex cascades of signaling molecules and growth factors (2) . VEGF is among the most potent, yet rate limiting, of these angiogenic factors (3) . Thus, efforts toward therapeutic angiogenesis have focused on VEGF to enhance microvasculature in ischemic tissue. However, clinical trials to date have not convincingly demonstrated efficacy (4, 5) . One potential obstacle for the success of these therapies is inadequate retention of protein in the target zone because protein retention in tissue is on the order of minutes to hours, depending on delivery route (6) (7) (8) . Maintaining a therapeutic level of protein within ischemic tissue could require serial treatments over time, making these therapies more invasive and necessitating cost-prohibitive quantities of protein (4) .
Recent work has demonstrated the therapeutic potential of a platform of self-assembling filamentous nanofibers formed from customizable peptide amphiphile (PA) molecules (9) (10) (11) (12) . PAs consist of a hydrophobic alkyl segment covalently linked to a peptide sequence that contains at least two domains: an amino acid sequence that drives self-assembly of the molecules into nanofibers through the formation of β-sheets and a customizable bioactive domain designed to interact with specific proteins, receptors, biopolymers, or other cellular targets. Hydrophobic collapse drives the alkyl tails into the core of the nanofiber, resulting in the presentation of the bioactive domain on the fiber surface.
These nanofibers have dimensions similar to filamentous structures in the extracellular matrix and can form gel networks at low concentrations in aqueous media, allowing for threedimensional entrapment of cells presuspended in aqueous PA solutions (13) . Their high aspect ratio and the high surface area of displayed signals at controlled density likely facilitate their enhanced biological signaling, while their extensive internal hydration also offers the necessary dynamics to promote interaction with receptors and ligands (14) (15) (16) . Furthermore, these PA-based therapies can be delivered noninvasively as easily injectable liquids that become solid nanostructures in situ and are biocompatible with desirable rates of degradation and tissue clearance over a period of weeks (17) (18) (19) .
Advancements in the design of biomaterials have enabled some of the issues of bolus VEGF protein therapy to be overcome through the use of materials to control the spatial and temporal delivery of VEGF (20) . These scaffolds have been designed to control the release kinetics through scaffold design (21) (22) (23) , the use of heparin to specifically bind VEGF (24, 25) , or through the covalent attachment of VEGF for on-demand cell-mediated VEGF delivery (26, 27) , among many other strategies. The general concept aims to use materials to control the kinetics of protein bioavailability. However, each strategy is reliant on recombinant proteins and, although some are injectable, some require invasive surgical implantation within the site where angiogenesis is to be modulated. In addition, a number of synthetic strategies have emerged to modulate angiogenesis through small molecules or peptides and have been developed to antagonize receptors for cancer therapies or to promote angiogenesis by signaling through these receptors (28, 29) . Currently, only one synthetic oligopeptide has been demonstrated to mimic VEGF through the activation of its receptors (30, 31) . This peptide was designed based on the native α-helical receptor-binding domain of VEGF and was shown to mimic native VEGF through activation of VEGF receptors. This synthetic approach, although potentially addressing issues related to the production of recombinant proteins, does not address the poor tissue retention for protein-based therapies.
Here, the customizable presentation of bioactive signals on our PA platform was leveraged to present this VEGF-mimetic epitope in a polyvalent fashion on the surface of high aspect ratio nanofibers. This strategy could provide a feasible synthetic alternative to protein therapies that would address issues of tissue retention and bioavailability. Moreover, polyvalent epitope display could enhance the dimerization-dependent signaling of the VEGF receptors. Thus, we have evaluated here PA presentation of this VEGF-mimetic sequence and its possible use as therapy for ischemic tissue regeneration.
Results
Design and Characterization of a VEGF-Mimetic PA. The VEGF PA (Fig. 1A ) was designed to display on the surface of nanostructures a peptide sequence that mimics VEGF, KLTWQELYQLKYKGI-NH 2 (30) . At the N terminus of this peptide, we covalently attached a K 3 G sequence to facilitate solubility and a V 2 A 2 β-domain followed by a C 16 alkyl chain to promote self-assembly into cylindrical nanostructures through intermolecular hydrogen bonding and hydrophobic collapse (Fig. 1G) . Cryogenic transmission electron microscopy (TEM) of this PA reveals the formation of self-assembled high aspect ratio cylindrical nanostructures (Fig. 1B) . At a concentration used for therapeutic studies and in the presence of divalent counterions, VEGF PA nanostructures form entangled nanofiber gels (Fig. 1C) . The reported bioactive secondary structure of the VEGF-mimetic sequence is α-helical (30, 31) . CD of the VEGF PA revealed a signal characteristic of α-helix (Fig. 1D ). This α-helix had greater conformational stability when incorporated in PA molecules (Fig. 1E ) compared to the peptide alone (Fig. 1F) , evident by less change in the 220-nm α-helical CD signature upon heating. Conjugation to an alkyl tail is known to stabilize α-helical peptides (32) and supramolecular effects could also explain the increased thermal stability of the α-helical epitope when presented on the PA. Such stabilization of the bioactive conformation of the peptide by PA conjugation could enhance the potency of the epitope. In addition to the VEGF PA and epitope-only peptide control, a PA was synthesized with systematic replacement of four specific residues known to be near the peptide-receptor-binding interface with structurally distinct amino acids. Structures of all molecules used in this study are shown (Fig. S1 ).
VEGF PA Specifically Activates VEGF Receptors in Vitro. VEGF signal transduction is initiated by phosphorylation of several tyrosines on the intracellular receptor domain (33) . In order to determine VEGF-mimetic signaling of the VEGF PA, human umbilical vein endothelial cells (HUVECs) were stimulated with VEGF PA and then quantified for the amount of phosphorylated VEGF receptor 1 (VEGFR1) or phosphorylated VEGF receptor 2 (VEGFR2), the two primary VEGF receptors implicated in its angiogenic signaling. Stimulation with the VEGF PA resulted in an amount of phosphorylated VEGFR1 ( Fig. 2A) that was 1.63 times greater than an untreated control group (P < 0.001), showing a significant enhancement in receptor phosphorylation. Interestingly, the level of phosphorylation for the VEGF PA was also significantly greater than for the bioactive VEGF peptide (P < 0.001) and mutant PA (P < 0.001). The bioactive peptide also induced significantly greater phosphorylation than untreated controls. For VEGFR2 phosphorylation (Fig. 2B) , the VEGF PA (1.58 times increase) again demonstrated phosphorylation levels significantly greater than an untreated control (P < 0.001). The value for the VEGF peptide was again less than that for the VEGF PA. The mutant PA again demonstrated no effect on VEGFR2 phosphorylation, establishing this as an ideal material control for the VEGF PA. Both the VEGF PA and the VEGF peptide signal similarly to the VEGF assay control for both receptors, confirming reports on the discovery of the epitope (30) . Examining the effect of VEGF PA stimulation over time (Fig. 2C) , we observed an initial rise in the levels of both phosphorylated VEGFR1 and VEGFR2, followed by a decrease beginning at 10 min of stimulation to levels below the baseline of an untreated control. The response and time frame of signaling by VEGF PA is consistent with the known temporal response for VEGF receptor activation followed by subsequent cleavage of phosphates and ubiquitination of the receptor (34) .
VEGF signaling is known to enhance, among other cellular functions, the proliferation, survival, and migration of endothelial cells (3, 33) . Therefore we also evaluated these phenotypic outcomes in HUVECs upon exposure to VEGF PA (Fig. S2 ). Prolonged stimulation with VEGF PA significantly increased cell number 1.37 times compared to an untreated control (P < 0.001). In addition, HUVECs that were serum-starved exhibited significantly improved survival in the presence of the VEGF PA (10.2% apoptotic) compared to an untreated group (31.7% apoptotic, P < 0.001). Neither the VEGF peptide nor the mutant PA group significantly enhanced cell number or survival. In addition, treatment with VEGF PA resulted in a significant increase in migration into a denuded scratch (68.7% closure) compared to an untreated control (25.2% closure, P < 0.05), whereas treatment with the VEGF peptide did not significantly enhance migration relative to the untreated control group.
The robust effect on HUVEC function in vitro, combined with VEGF-specific receptor phosphorylation, supports the VEGFmimetic activity of the VEGF PA nanofibers. The VEGF peptide, meanwhile, did not show similar effects on endothelial cell function in vitro in spite of a demonstrated increase in receptor phoshorylation. As the phosphorylation studies were performed for only a single phosphorylation cycle, it is possible that the peptide does not retain potency over longer times in culture. Alternatively, it could be that the incremental increase in phosphorylation by VEGF PA compared to the VEGF peptide seen in one phosphorylation cycle results in a cumulative effect on cell activity over the time course of many phosphorylation cycles afforded by longer functional in vitro experiments.
VEGF PA Induces Angiogenesis in Vivo. An established in vivo angiogenesis model, the chicken chorioallantoic membrane (CAM) assay, was used to evaluate the angiogenic activity of the VEGF PA. When VEGF PA was coated onto a glass coverslip and applied to the CAM (Fig. 3 ), we saw a 229% increase in the blood vessel density over the following 3 d. For comparison, this increase was significantly greater (P < 0.001) than CAM treated with the VEGF peptide (139%), mutant PA (149%), or saline (132%). This result suggests a strong angiogenic response from treatment with the VEGF PA. This effect is visualized in the density of blood vessels at the point of CAM stimulation, in addition to indications of vascular remodeling and leakage and the spokelike pattern radiating from the center of the coverslip where the material was applied. Representative images from the various controls do not display a similar effect. This assay confirms the angiogenic properties of our VEGF PA using an in vivo model and reinforces proangiogenic findings in vitro.
VEGF PA Enhances Repair of Ischemic Hind-Limb Tissue. The murine hind-limb ischemia model was used to evaluate the potential of the VEGF-mimetic PA nanostructures as a therapy for ischemic disease. VEGF PA or control treatments were administered by an intramuscular injection 3 d after the induction of critical ischemia by ligation and excision of the right femoral artery and all superficial and deep branches. To assess functional recovery after critical hind-limb ischemia, animals were assessed for limb salvage and limb motor function via established semiquantitative scoring methods. In terms of tissue necrosis and amputation of ischemic limb, we saw significant improvement (P < 0.05) in tissue salvage (i.e., less necrosis) in animals treated with VEGF PA (Fig. 4A ) at both day 21 and day 28 compared to animals treated with VEGF peptide, mutant PA, and saline. When scoring animals based on active limb motor function (Fig. 4B) , we again saw a significant effect for treatment with the VEGF PA at day 21 (P < 0.05) and day 28 (P < 0.01) compared to treatment with the VEGF peptide, mutant PA, and saline. This assessment of limb use suggests that treatment with the VEGF PA leads to a more functional phenotype, which was further supported in results subjecting animals to a walking endurance test using a Rota Rod treadmill at day 28 ( Fig. 4C ). Animals treated with VEGF PA walked significantly longer prior to failure (150.5 s) than animals treated with the VEGF peptide (115.6 s, P < 0.05), mutant PA (106.7 s, P < 0.05), and saline (90.4 s, P < 0.001).
Laser Doppler perfusion imaging (LDPI) was performed to assess tissue perfusion in the ischemic hind limb (Fig. 4D) . Treatment with VEGF PA significantly enhanced the recovery of tissue perfusion following treatment. At 14 d after induction of ischemia, animals treated with VEGF PA had a perfusion ratio (0.76) significantly greater than that for animals treated with the VEGF peptide (0.54, P < 0.01), mutant PA (0.42, P < 0.01), or a control injection of saline (0.53, P < 0.05). At day 28, animals treated with VEGF PA continued to have a significantly higher perfusion ratio (0.72) than animals treated with the VEGF peptide (0.52, P < 0.05), mutant PA (0.48, P < 0.05), and saline (0.52, P < 0.05).
Histological tracking of fluorescently tagged PA and peptide in muscle tissue of the ischemic hind limb revealed that the PA is retained significantly longer than the peptide control ( Fig S3) . Harvesting ischemic limb tissue at 2, 7, and 14 d after administration of treatment revealed large quantities of VEGF PA remained in the ischemic hind limb. Even small quantities could be seen at 28 d after treatment. A thorough histological search for fluorescently tagged VEGF peptide did not indicate any material remained in the tissue at any of these follow-up points. It is known that proteins, such as VEGF, have short retention times in tissue (6) (7) (8) . The enhanced retention observed for VEGF PA could underlie its therapeutic benefit compared to the peptide epitope control.
In order to determine whether the beneficial effects of VEGF PA treatment on recovery of blood flow, motor function, and tissue salvage were associated with an effect on the microcirculation of the ischemic limb muscle, we quantified the number of CD31 þ capillaries in the ischemic limb harvested at day 28 (Fig. 5 ). There was a significant increase in the number of CD31 þ capillaries in animals treated with VEGF PA (1;582∕mm
2 ) compared to treatment with VEGF peptide (949∕mm 2 , P < 0.001), mutant PA (954∕mm 2 , P < 0.001), and saline (893∕mm 2 , P < 0.001). This proangiogenic effect of VEGF PA on the microcirculation is consistent with its angiogenic activity in the CAM assay, and reinforces its therapeutic efficacy for ischemic tissue repair. Of note, there was no effect on the number of CD31 þ ∕smooth muscle actinþ arterioles, also known as muscularized or mature capillaries. VEGF protein treatment can result in the development of immature vasculature, and this is one known limitation surrounding VEGF therapy (35) . We do not know at this time if a lack of mature capillaries will be a limitation in the translation of VEGF PA. However, the versatility of supramolecular PA systems allows for multiplexing of bioactive signals, and future efforts could explore the development of PA mimics of other growth factors (i.e., FGF-2) that, in combination with VEGF signaling, are known to promote more mature vasculature.
Overall, the improvements in tissue perfusion, limb salvage, motor function, and capillarization point to the therapeutic utility of VEGF PA for ischemic tissue repair. Thus, VEGF PA nanostructures are identified here as a promising synthetic therapeutic strategy for ischemic cardiovascular disease. Although the primary objective of this work was to establish that supramolecular epitope display could enhance the potency of a VEGF-mimetic epitope, it remained of interest to see how this PA therapy would compare to a recombinant protein approach. Thus, following up on the promising therapeutic potential demonstrated, a second in vivo study comparing the VEGF PA to a bioactive treatment of VEGF 165 protein in the ischemic hind limb was performed (Fig. S4) . Because there exists no literature consensus on an effective dose of VEGF protein for intramuscular delivery in a mouse ischemic hind limb, and to be sure that an effective protein dose was used, a relatively high dose of 20 μg per animal was selected. For comparison, intramuscular delivery of 3 μg was shown to be ineffective in a mouse hind-limb model when delivered as a bolus without a biomaterial to control its release (21) , whereas a 50-μg intramuscular bolus was effective in a similar model in much larger rats (ca. 300 g) (36) . For these studies, the control group receiving a saline injection and the group receiving VEGF PA were repeated to account for variability in the model or in instrumentation for functional assessment. As shown, both the VEGF PA and VEGF 165 performed similarly on the basis of LDPI perfusion ratio, with both showing a significant increase (P < 0.05) compared to the control (Fig. S4A) . Scoring for limb necrosis indicated that only the VEGF PA group significantly (P < 0.05) enhanced tissue salvage compared to the control, with a trend for improvement in the VEGF protein group that was not significant from the control (Fig. S4B) . Scoring for motor function in the hind limb indicated that both the VEGF PA group (P < 0.01) and the VEGF protein group (P < 0.05) significantly improved limb motor function compared to the control group (Fig. S4C) . The measure that was most affected by VEGF PA treatment was histological capillary density in the ischemic hind-limb muscle. Treatment with VEGF PA resulted in significantly (P < 0.001) more capillaries in the hind limb than for treatment with either VEGF protein or the control (Fig. S4D) . VEGF protein also demonstrated a significant (P < 0.001) increase in capillary density compared to the control. This dramatic effect in capillarization could result from the prolonged retention and activity of the VEGF PA in the muscle tissue compared to the VEGF protein. Overall, the robust therapeutic effect seen previously for VEGF PA was conserved in these studies and the PA performed as well or better than the recombinant protein in every measured outcome.
Discussion
Here we have demonstrated the use of bioactive and biodegradeable nanostructures as a strategy for therapeutic angiogenesis. The display on the surface of these nanofibers of a peptide mimic of VEGF showed enhanced signaling and bioactivity by activation of specific VEGF receptors and consequent functional outcomes for endothelial cells in vitro. The proangiogenic activity of this system was further substantiated in vivo using the CAM assay. Evaluation of the therapeutic potential of these VEGF PA nanostructures in a murine hind-limb ischemia model revealed improved tissue perfusion, limb motor function, limb salvage, and capillarization of the ischemic limb. The demonstrated efficacy suggests further consideration of these systems as an alternative therapy to protein-based strategies currently being evaluated for ischemic cardiovascular diseases.
The material we have evaluated here is similar to that demonstrated previously with a different class of self-assembling peptides, where a VEGF-mimetic epitope and a cell adhesion epitope (RGDS) were evaluated for their ability to promote proliferation, migration, and tubulogenesis of cultured HUVECs (37) . In this previous study, the VEGF epitope was not found to be in the required α-helical conformation by circular dichroism and its overall in vitro bioactivity was not markedly different from an RGDS fibronectin epitope. This result suggests to us that perhaps the peptide is not acting in a truly VEGF-mimetic way when presented on these β-sheet ribbon assemblies, and could be instead acting as an extracellular matrix as opposed to a protein mimic. The studies we have described in this work, however, establish that the epitope is in its appropriate conformation when presented on our cylindrical nanofibers and also that this epitope specifically acts in a mimetic fashion by activating VEGF receptors. Presentation on highly hydrated cylindrical supramolecular assemblies could afford more dynamics for efficient and potent receptor-mediated signaling that may not be possible on flat ribbon-like assemblies. In addition to functional in vitro evaluations, we have gone well beyond this previous work in our use of two different in vivo models to establish angiogenic bioactivity and therapeutic efficacy.
There are several potential explanations underlying the enhanced epitope potency that we have demonstrated by our VEGF PA nanostructures compared to the soluble mimetic peptide control. As our CD melting curves established, the bioactive secondary structure of the epitope, an α-helix, is stabilized when incorporated within supramolecular aggregates of PA molecules. Stabilization of the bioactive conformation would likely translate into enhanced epitope bioactivity. The enhanced retention observed here could also explain in part the increased efficacy seen in vivo, though presumably retention would not be an issue for the short in vitro studies.
A feature of the PA that could enhance its bioactivity compared to the peptide control is the polyvalency of epitopes on the nanostructure surface. It is well established that polyvalency, the presentation of multiple bioactive binding sites, significantly enhances binding strength for biological interactions, a phenomenon known as avidity (38) . This phenomenon has a natural basis, vital to the function of binding proteins such as IgM with 10 binding sites (39) or the biological adhesion of many viruses (40) , and even the extracellular matrix is polyvalent (41) . Polyvalency is used frequently in the design of synthetic bioactive molecules to enhance their binding strength and has been used in the creation of bioactive peptides, organic molecules, carbohydrates, nucleotides, antibiotics, and phage mimics, among others (42) (43) (44) (45) (46) . Polyvalency has even been explored for biological signaling initiated by receptor dimerization, as is the case for VEGF receptor signaling. Examples include synthetic multivalent mimics of erythropoietin and thrombopoietin, both of which require receptor dimerization that is enhanced by multivalent signals (47, 48) . Native VEGF, as a homodimeric cysteine knot protein, is multivalent (specifically divalent) with two bioactive domains that interact with receptor dimers (3), a feature that is not recreated in the soluble VEGF peptide mimic. The polyvalent and dynamic PA nanofiber could facilitate the necessary dimerization of receptors in a highly efficient manner. For the VEGF PA nanofibers investigated here, dynamic features of the nanostructures could help match the lengths necessary to promote receptor dimerization. PA nanostructures are highly hydrated, giving epitopes flexibility in both order and spacing within the assembled nanostructure. Given what is known about polyvalency in biological signaling, it is reasonable that avidity afforded by a dynamic PA assembly plays a role in the enhancement in bioactivity observed for the VEGF PA nanostructures relative to the soluble single peptide mimic. Regardless of the mechanistic details, because two bioactive signals must be present for VEGF receptor dimerization and activation, something which is the case for native VEGF protein with two cysteine-tethered bioactive domains, it is logical that PA molecules programmed for aggregation would be more apt to colocalize epitopes than would a soluble peptide, even if an enhanced avidity is not postulated.
As mentioned previously, some issues raised with the clinical application of VEGF or other recombinant proteins are specific target tissue retention, limited production resources, and cost. Bioactive PAs provide a potential means to overcome these obstacles, and we were especially encouraged that the VEGF PA compared favorably to a high dose of recombinant protein. Though PAs are biodegradable by design and thus will be eventually broken down into natural products, they have been shown here to remain in the ischemic tissue for over 2 wk after injection. This result is a substantial improvement when compared to the retention time reported for VEGF protein on the order of a few hours. Another possible consideration is cost, which has been speculated to be prohibitively expensive to the clinical implementation of efficacious protein-based therapies (4). The prolonged retention and bioavailability of the PA in the target tissue could address both of these issues, circumventing the need for serial protein deliveries and the additional pain and suffering, along with cost, entailed therein. In many ways, the therapeutic mechanism observed here for the PA could be similar to observations for biomaterials that facilitate the slow release of VEGF protein. Nanofiber geometry and dynamics make it unlikely that a high percentage of the total epitopes presented on the PA are signaling at any given time, which makes the exact bioactive dose of PA difficult to determine. However, increased retention and bioavailability allows for more continuous and lasting signaling of the epitopes presented on the PA and, as nanofibers break apart in vivo, smaller aggregates could diffuse and signal in the tissue surrounding the injection site. This effect is similar to a scaffold-based controlled release approach, except here the effect is achieved using a defined single component synthetic system that can be delivered by a minimally invasive injection, which is not the case for several of the polymeric growth factor delivery scaffolds reported to date. Overall, the results we have demonstrated for bioactivity and therapeutic efficacy of this proangiogenic PA designed to signal through VEGF receptors point to the translational potential of this strategy.
We have demonstrated that a polyvalent self-assembling nanofiber displaying a known VEGF mimicking sequence is efficacious in a hind-limb ischemia model of cardiovascular disease. The observed functional recovery is likely linked to the proangiogenic, VEGF-mimetic behavior of the VEGF PA nanostructures established both in vitro and in vivo. Presentation of the mimetic epitope on the polyvalent nanofiber leads to more efficient and effective VEGF signaling compared to the bioactive peptide alone. Further, the PA compares favorably to a high-dose injection of recombinant protein. We conclude that these bioactive nanostructures are a promising synthetic therapeutic strategy to regenerate microcirculation and restore perfusion to ischemic tissue in cardiovascular diseases and could provide an alternative to VEGF protein-based strategies.
Materials and Methods
Detailed experimental methods can be found in the SI Text. Briefly, PAs and peptides for this study were synthesized by solid phase methods and purified by reversed phase HPLC. Nanofibers were imaged by cryogenic TEM, gels were imaged using SEM, and CD was preformed using standard methods. Primary HUVECs were purchased and used at passage 4. The receptor phosphorylation studies were performed using commercially available kits. Proliferation was assessed by a standard DNA-based assay, survival was assessed using flow cytometry, and migration was assessed by a scratch assay. The CAM assay was performed on fertilized chicken eggs, evaluating blood vessel density surrounding a coated coverslip in digital images captured through a microscope. The murine hind-limb ischemia model was performed in wild-type mice. The right femoral artery was ligated and excised, and the material was administered 3 d after induction of ischemia. Animals were scored on a semiquantitative scale for limb salvage (scale 1-6), motor function (scale 1-5), and were imaged by LDPI. Tissue perfusion is the ratio of ischemic to nonischemic limb perfusion from LDPI. Endurance testing was performed on a Rota Rod. At the end of the study, tissue was stained with antibodies to CD31 and smooth muscle actin and DAPI.
Supporting Information
Webber et al. 10 .1073/pnas.1016546108 SI Materials and Methods Synthesis and Purification of Peptide Amphiphiles (PAs). We synthesized two PAs and one peptide for this study having the following amino acid sequences, with PAs covalently linked to a 16-carbon alkyl segment: C 16 -V 2 A 2 K 3 GKLTWQELYQLKYKGI-NH 2 (VEGF PA), Ac-KLTWQELYQLKYKGI-NH 2 (VEGF peptide), and C 16 -V 2 A 2 K 3 GKLTAQELVFLKVKGI-NH 2 (mutant PA). The structure of VEGF PA is shown in Fig. 1A . All peptides were synthesized by standard solid phase Fmoc chemistry. Fmocprotected amino acids, 4-methylbenzhydrylamine rink amide resin, and O- (benzotriazol-1-yl)-N,N,N' ,N'-tetramethyluronium hexafluorophosphate were purchased from NovaBiochem and all reagents were purchased from Mallinckrodt. The resulting product was purified using standard reversed-phase HPLC. The purity and accurate mass for each PA was verified using liquid chromatography/MS on an electrospray ionization quadripole time-of-flight mass spectrometer (Agilent). Additionally, peptide content analysis was performed on the purified product (Commonwealth Biotechnologies) to ensure concentration accuracy and consistency for all experiments.
Structural Characterization. Cryogenic transmission electron microscopy (TEM) was performed on a JEOL 1230 microscope with an accelerating voltage of 100 kV. A Vitrobot Mark IV equipped with controlled humidity and temperature was used for plungefreezing samples. A small volume (7 μL) of 1 wt∕vol % VEGF PA dissolved in pure water was deposited on a copper TEM grid with Quantifoil support film (Electron Microscopy Sciences) and held in place with tweezers mounted to the Vitrobot. The specimen was blotted in 90-95% humidity and plunged into a liquid ethane reservoir cooled by liquid nitrogen. The vitrified samples were transferred into liquid nitrogen and inserted into a Gatan 626 cryoholder through a cryotransfer stage. Samples were imaged using a Hamamatsu ORCA CCD camera.
SEM was performed using a Hitachi S4800 scanning electron microscope with a 5-kV accelerating voltage. To prepare samples for imaging, VEGF PA was dissolved at 1.5 wt∕vol % in water and mixed with 10 mM Na 2 HPO 4 to induce hydrogelation at 0.75 wt∕vol % final PA concentration. This concentration is consistent with that used in the in vivo portion of the study. The sample was fixed in 2% glutaraledyde and 3% sucrose in PBS for 30 min at 4°C followed by sequential dehydration in ethanol. It was then dried at the critical point and coated with 7 nm OsO 4 prior to imaging.
Circular dichroism was performed on a Jasco J-815 CD spectrophotometer complete with Peltier sample holder for precise temperature control. Samples were analyzed at 0.15 mM in water, correcting for absolute peptide content. Measurements were collected over a wavelength range of 260-180 nm with a step size of 0.5 nm and five total accumulations for each scan. For thermal denaturation studies, samples were heated from 25 to 95°C at a step of 5°C and held for 10 min prior to each reading.
Cell Culture. Human umbilical vein endothelial cells (HUVECs) and complete endothelial cell growth media (EGM) were purchased (Genlantis), passaged two times after receipt, and cryopreserved in media with 5% DMSO. Cells were thawed as needed and grown to confluence in 75-mm 2 flasks (VWR Falcon) prior to plating for experiments.
VEGF Receptor (VEGFR) Phosphorylation Assays. Phosphorylation of both VEGFR1 and VEGFR2 was assayed using commercially available assay kit (R&D Systems) following the recommended protocol. First, confluent HUVECs plated in 24-well plates were starved for 5 ho in serum-free defined media (SFDM, Genlantis) specifically designed to maintain cells in a growth-factor-free setting for growth factor signaling and metabolic assays. Following starvation, the various treatments were dissolved in SFDM to a concentration of 1 μM. Native VEGF 165 (100 ng∕mL, Peprotech) diluted in SFDM was used pursuant to assay recommendations in order to serve as an internal assay control for VEGF phosphorylation patterns and a group was treated with plain SFDM as a baseline control. Cells were exposed to treatment for 2 min. To evaluate the time course of phosphorylation, the same protocol was followed and cells were exposed to VEGF PA for 0, 1, 3, 5, 10, 15, 20, 25, 30, 40, 50 , and 60 min.
Functional in Vitro Assays. To evaluate proliferation, HUVECs were plated at 5,000 per well in a 96-well plate. Four hours after plating, EGM was exchanged for fresh EGM supplemented with 1 μM of VEGF PA, VEGF peptide, or mutant PA (n ¼ 8∕group). Additionally, unsupplemented growth media was used as a control. After 48 h, cell number was quantified using CyQUANT-NF (Invitrogen) and a standard fluorescent microplate reader. Cell number is expressed relative to the group treated with unsupplemented growth media.
To evaluate cell survival, endothelial basal media (EBM) without growth factors (Lonza) was used to induce a serum starvation. Cells were plated in 12-well plates and grown to confluence with standard growth media. Cells were then washed twice with PBS and then treated with EBM containing 1 μM of VEGF PA, VEGF peptide, or mutant PA along with an untreated control receiving only EBM. Cells were grown in these conditions for 24 h. Survival was quantified using Annexin V: phycoerythrin (PE) staining with 7-aminoactinomycin vital staining (BD Biosciences) following provided assay instructions and analyzed on a DakoCytomation CyAn. Survival was assessed by determining the fraction of cells that were apoptotic (Annexin V-PE positive).
To evaluate cell migration, EBM without growth factors (Lonza) was supplemented with 0.5% FBS in order to prevent apoptosis but not promote significant migration or proliferation. Cells were grown to confluence in a 12-well plate and a 1-mL pipette tip was used to create a denuded scratch. The surface was washed twice with PBS to remove detached cells. The average scratch width at the initial time point was 926.3 AE 103.0 μm. Markings were placed on the underside of the plate to ensure the same region of the scratch was recorded in each image. Following scratch creation, the cells were treated with 1 μM VEGF PA, VEGF peptide, mutant PA in EBM with 0.5% FBS. The total pixel area of the scratch at the initial time point was recorded using ImageJ analysis software, and the percent migration was determined from the reduction in denuded area at 18 h.
Chorioallantoic Membrane Angiogenesis Assay. In order to evaluate the angiogenic potential of the VEGF PA, we used well-established assays for in vivo angiogenesis, the chicken chorioallantoic membrane (CAM) assay. This assay utilizes the extraembryonic allantois, a tissue derived from the mesoderm that develops into a densely vascularized membrane. A common deviation from the traditional assay is to remove the shell and conduct the assay on a shell-less embryo, termed the shell-less CAM assay, as we have performed here (1, 2) . Fertilized white leghorn chicken eggs (Phil's Fresh Eggs) were received and cultured in a temperature controlled, humidified egg incubator. On embryonic day 3, eggs were cracked within a sterile tissue culture hood into round 100-mm Petri dishes. Fertilized embryos were then transferred to a water-jacketed CO 2 incubator, set to 37.5°C, 1% CO 2 , and 100% relative humidity. On embryonic day 10, the material treatment was dissolved at 2 mM in PBS, evaporated onto the surface of a 5-mm round glass coverslip, and placed facing down on top of the CAM (n ¼ 16∕group). Digital images were captured through the eyepiece of a Nikon stereomicroscope and vessel density was quantified by the number of intersections of vessel structures with the edge of the coverslip and expressed relative to the initial time point. Images were captured daily, beginning at embryonic day 10 and culminating on embryonic day 13, the standard range over which the CAM assay is performed. Additionally, images were assessed qualitatively for morphological differences in the CAM vasculature including spoking, branching, and leakage.
Mouse Hind-Limb Ischemia Model. In order to assess the therapeutic potency of our developed VEGF PA for ischemic tissue repair, we chose the hind-limb ischemia (HLI) model, an established model for critical tissue ischemia. For the HLI procedure, 8-wk-old male FVB wild-type mice (Charles River) were used. By means of a dissecting microscope, the femoral nerve was carefully separated from the vessel bundle. The right femoral artery was ligated and excised, including all superficial and deep branches (3). Critical limb ischemia was immediately verified by laser Doppler imaging (LDPI, MoorLDI-SIM, Moor Instruments) to ensure the ratio (ischemic/nonischemic limb) was ≤0. 20 . At postoperative day 3, outliers with low ischemia were triaged based on LDPI (ratio ischemic/nonischemic 0.30) as were outliers with extreme ischemia (necrotic demarcation of entire limb), determined by macroscopic evaluation. After triage, all remaining mice were treated by a single transcutaneous intramuscular injection (25 μL) of 2 mM VEGF PA, VEGF peptide, mutant PA, or saline (PBS) as control. For follow-up, animals underwent reevaluations with LDPI at postoperative day 7, 14, and 28 before animals were killed (CO 2 asphyxia) for tissue harvest at day 28. At each time point, tissue perfusion was measured via LDPI, measuring blood flow in both the ischemic and nonischemic limb and reporting results as the ratio of these two measurements. All LDPI measurements were taken on a 37°C heating pad to control body temperature. In addition, motor function and tissue damage was semiquantitatively assessed on postoperative day 7, 14, 21, and 28 by established scoring systems. Tissue damage in the ischemic limb (limb salvage score) was graded as full recovery (grade 6), minor necrosis or nail loss (grade 5), partial toe amputation (grade 4), total toe amputation (grade 3), partial/total foot amputation (grade 2), or partial/total limb amputation (grade 1) (modified from ref. 4) . Limb motor function was graded as unrestricted (grade 5), no active use of toe(s) or spreading (grade 4), restricted foot use (grade 3), no use of foot (grade 2), or no use of limb at all (grade 1) (modified from ref. 5). Finally, walking capacity was measured via a Rota Rod apparatus. The rotational velocity was steadily increased and time at which the mouse failed to keep up with the treadmill was recorded. The mean of two assessments was used as for failure time for each animal. This in vivo experiment was carried out for 28 d, because the experience we have with this model suggests this to be an appropriate time course to assess whether a therapeutic target results in functional difference and this is a frequently used time course for these studies (6, 7, 8) . These studies were approved by the Northwestern University Animal Care and Use Committee.
Follow-up studies comparing the PA to VEGF 165 (Peprotech) used the same PA dose (2 mM) and compared this to injection of 20 μg VEGF 165 delivered in 25 μL saline. The procedure was performed identically to that done previously and the same functional assessments were conducted at the same follow-up times. Ischemic groups were also prepared for the injection and tracking of fluorescently labeled VEGF PA and peptide. To obtain fluorescently labeled PA nanofibers, a PA conjugated with FITC was mixed with the VEGF PA at 2 mol %, as described previously (9) . For fluorescently labeled VEGF peptide, the peptide was functionalized at the N terminus with FITC and all peptides were labeled. For the fluorescent tracking study, muscle tissue was harvested at 2, 7, 14, and 28 d after injection, fixed in methanol, and processed for histology with DAPI staining, following which an extensive histological search was performed on multiple sections throughout the tissue.
Immunohistology for Capillary Quantification. At day 28, muscle tissue from the ischemic limb was harvested, fixed in methanol, paraffin-embedded, and cross-sectioned (6 μm) for histological immunostaining. Briefly, sections were blocked with 10% donkey serum (30 min, room temperature). Primary antibodies were diluted in PBS containing BSA, and applied to tissue slices for 2 h at 37°C. Sections were stained for CD31, an endothelial-specific marker, using rat anti-CD31 antibodies (BD Pharmingen) and smooth-muscle α-actin (αSMA), a vascular smooth-muscle marker, using rabbit-anti-αSMA (Sigma-Aldrich). For immunofluorescent detection, primary antibodies were resolved with AlexaFluor-conjugated secondary antibodies (Invitrogen Corporation dilution) and nuclei were counterstained with DAPI (Research Organics). Slides were imaged using fluorescent microscopy (Zeiss), and CD31 þ capillary forms and CD31 þ ∕sMA þ mature microvessels/arterioles were quantified in three separate highpower fields (20×) from three independent sections in each animal (nine images per animal).
Statistics and Data Analysis. All error bars indicate the standard error of the mean. Differences between groups were determined using ANOVA with a Bonferroni multiple comparisons post hoc test using GraphPad InStat v3.0b. Fig. S1 . Stuctures of VEGF PA, mutant PA, and peptide control used in this study, with arrows noting the residues that were modified in the mutant PA. 
